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Abstract: Bacteria are known to influence domoic acid (DA) production by
Pseudo-nitzschia spp., but the link between DA production and physiology of diatoms
requires more investigation. We compared a toxic P. multiseries to a non-toxic
P. delicatissima, investigating links between DA production, physiological parameters, and
co-occurring bacteria. Bacterial communities in cultures of both species were reduced by
antibiotic treatment, and each of the diatoms was inoculated with the bacterial community
of the other species. The physiology of P. delicatissima was minimally affected by the
absence of bacteria or the presence of alien bacteria, and no DA was detected.
P. multiseries grew faster without bacteria, did not produce a significant amount of DA,
and exhibited physiological characteristics of healthy cells. When grown with alien
bacteria, P. multiseries did not grow and produced more DA; the physiology of these cells
was affected, with decreases in chlorophyll content and photosynthetic efficiency, an
increase in esterase activity, and almost 50% mortality of the cells. The alien bacterial
community had morphological and cellular characteristics very different from the original
bacteria, and the number of free-living bacteria per algal cell was much higher, suggesting
the involvement of bacteria in DA production.
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1. Introduction

In 1987, three people died after ingesting blue mussels contaminated with domoic acid (DA), a
neurotoxin causing amnesic shellfish poisoning [1]. DA is produced by species of the diatom genus
Pseudo-nitzschia, but only some species, and even strains of some species, are toxic while others are
not (reviewed in [2]). Since 1987, many studies have been published trying to understand when and
why this toxin is produced (reviewed in [2]). Numerous factors can modulate DA production by
Pseudo-nitzschia spp., including: macronutrient concentration [3], nitrogen source [4], micronutrient
availability [5], growth phase [3,6], bacterial community [7], or even the age of a cultured isolate [8].
Nevertheless, no study to date has succeeded in explaining the role of DA in Pseudo-nitzschia
physiology and ecology and how all the external factors can modulate DA production. The lack of
comprehensive understanding stems in part from the fact that parameters measured often are limited to
DA production, growth, and sometimes chlorophyll content or photosynthetic rate [9]. Very few
physiological measurements have been performed to better understand the physiological state of the
cell relative to DA production.

Thus, to manipulate Pseudo-nitzschia physiology, we modified the bacterial population associated
with two cultured Pseudo-nitzschia species. In diatoms, growth, extracellular polymeric substances,
secreted carbohydrates and proteins, or aggregation capacity, can be influenced by co-occurring
bacteria [10-12]. Moreover, it has been shown that axenic cultures of P. multiseries produced no
detectable or exceedingly low levels of DA and that the reintroduction of bacteria enhanced this
production by 2- to 95-fold [7,13-15]. In one such study, all the bacterial communities tested, even
from Chaetoceros sp. cultures, enhanced the production of DA by toxic Pseudo-nitzschia species [7].
Several hypotheses were provided to explain the role of bacteria in DA production, but these were not
supported by cause-effect relationships.

To link DA production and physiological state, we exchanged the free-living bacterial community
from a toxic strain of P. multiseries with that of a non-toxic strain of Pseudo-nitzschia delicatissima.
Axenic and xenic cultures were compared, in terms of DA production, physiological state, and
metabolic processes. Indeed, the acquisition of energy by cells starts with photosynthesis, which was
assessed by measuring the quantum yield (efficiency of photosynthesis at the photosystem 11 level) and
the chlorophyll content (estimated by cell autofluorescence). Esterase activity was estimated by
measuring of FDA hydrolysis [16-18], a proxy of primary metabolism. Measurement of DA
production was used as an indicator of the secondary metabolism in P. multiseries. Storage of extra
energy in the form of lipid was measured using the BODIPY 493/503 probe [17-19]. Thus, allocation
of energy to primary metabolism and cell division, secondary metabolism, or energy storage could be
monitored during the progression of the diatom culture. Cell death was also monitored, using the SYTOX
Green probe [17-19]. Bacteria were counted and their survival over time was also monitored [19]. These
measurements allowed us to investigate Pseudo-nizschia cell responses to different bacterial



Mar. Drugs 2014, 12 3589

communities and to determine how DA production and physiology were modified depending on the
added bacterial community.

2. Results
2.1. Algal Growth and Death

Cells of P. multiseries exhibited differences in growth rate depending on the treatment (Figure 1A).
Cultures with no added bacteria (MO0) grew faster than those with P. multiseries bacteria added back
(MM, p < 0.05), but cultures with P. delicatissima bacteria (MD) did not grow (Figure 1A). Cultures
also reached significantly (p < 0.05) different cell densities, with the fastest growing culture (MO0)
reaching the highest population (Figure 1A). On the contrary, cultures of P. delicatissima did not
exhibit any significant differences in growth rate in exponential phase (p > 0.05) attributable to
experimental treatment (Figure 1B). Moreover, the P. delicatissima cultures reached stationary phase
earlier (on day 7) than did the P. multiseries cultures; monitoring was thus stopped after day 9.

Figure 1. Population density (cells mL™") of P. multiseries (A) and P. delicatissima (B)
without added bacteria (MO and DO, open diamonds), with the bacterial community of
P. multiseries (MM and DM, filled squares) or with the bacterial community of
P. delicatissima (MD and DD, grey triangles). Inserts show the specific growth rate j1(day )
of each species. Letters indicate significantly different values (p < 0.05). Mean £SE, n = 3.
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DO cultures reached a higher mean cell concentration and maintained it for longer than did DD
cultures (p < 0.05, Figure 1B). DM cultures reached the lowest maximal cell concentration and did not
exhibit any stationary phase, with cell concentration decreasing immediately after the exponential
phase ended (Figure 1B).

The percentage of P. multiseries cells stained by SYTOX Green (permeable cells considered to be
dead) was high and almost the same for the three treatments until day 7 (p > 0.05, Figure 2A). After
day 7, cultures MM and MO recovered, having a lower percentage of dead cells; whereas, almost 50%
of the diatom cells in the MD cultures were dead (Figure 2A).

Figure 2. Percentage of dead P. multiseries (A) and P. delicatissima (B) cells, as
determined by SYTOX Green staining: without added bacteria (MO, open diamonds), with
the bacterial community of P. multiseries (MD, filled squares) or with the bacterial
community of P. delicatissima (MM, grey triangles). Mean =£SE, n = 3.

A
<> MO
60T |
MD
50+
]
3
(=]
T 40
H .o,
S g n ki <
"g', &
= |
g 1 |
¢ © ¢ n EE
& g
10+
0+ + + + v
0 2 4 6 8 10 12 14 16 18
Age of culture (days)
B
60
| |
. 0
3 < Do
o DD
T ¥ EoMm
@
-
5 30
[}
g .
=
g 20 o
&
10 . . .
&
— . m [ |

0 1 2 3 4 5 6 7 8 9 10
Age of the culture (days)

The percentage of dead algal cells decreased in all P. delicatissima cultures between days 1-6 and
was not significantly (p > 0.05) different between treatments (Figure 2B). After day 7, DM cultures
began to die faster than did the DD cultures (at the end of stationary phase); whereas, DO exhibited the
lowest percentage of dead cells (Figure 2B).

The percentage of active P. multiseries cells increased between days 3-4 for all cultures and
remained identical until day 7 (Table 1). From day 7, the percentage of active MD cells decreased and
was lower than for MO and MM cells (Table 1).

The percentage of active P. delicatissima cells was the same regardless of the treatment until day 9
when DM cultures had fewer active cells than DD cultures; DO cultures had the highest percentage of
active cells (Table 1).
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Table 1. Physiological parameters of P. multiseries and P. delicatissima cells grown
without added bacteria (MO and DO, respectively), with its own bacteria (MM and DD,
respectively) or with bacteria from the other Pseudo-nitzschia species (MD and DM,
respectively). Percentage of active cells and esterase activity were measured after FDA
staining and lipid content after BODIPY staining, the latter two expressed in arbitrary units.

Mean =SE Mean =SE Mean =SE
Physiological Parameter Age of Culture (Days) P. multiseries
MO MM MD
3 76.9 2.0 73.9+1.2 81.1+0.8
4 97.6 £14 955 +1.1 93.6 £1.5
5 97.2+0.8 98.3+0.4 95.8+1.0
7 97.3 0.2 96.6 0.5 95.2+04
8 96.7 +0.4 95.7 0.2 93.2+0.8
Percentage of
Active Cells 10 97.3+04 97.7 0.1 95.0 0.7
11 97.6 +£0.4 98.0 0.2 92815
12 97.5 0.2 97.0 £0.5 92.1+1.2
14 97.3+0.3 98.1+0.2 90.7 £15
15 96.5 +0.2 98.1 0.7 92.8 0.7
17 94.4+0.4 96.2 +1.2 85.9+2.9
MO MM MD
3 130.0 £7.8 149.3 £13.2 138.7 £20.8
4 157.3 £37.3 132.7 114 167.2 £27.7
5 76.8 £45.5 114.2 85 187.1 £15.3
7 122.5 +8.3 139.5 +6.4 198.5 +21.5
8 116.3 £3.6 129.4 £7.9 159.9 7.4
Esterase Activity 10 1216 £1.6 148.9 £9.0 145.2 +15.1
11 1124 %51 137.3 £8.7 148.5 9.0
12 111.1 +15 128.7 9.7 1419 +9.9
14 126.6 £9.2 161.6 +7.6 128.5 £15.0
15 106.2 7.4 140.7 £11.5 114.1 7.7
17 131.9 £15.6 174.0 £13.8 1119 £15.6
MO MM MD
3 1466.4 £65.6  1443.7 +£42.7 1303.8 £48.4
4 1516.1 +123.7 1572.0 £212.6 1493.2 +293.8
5 1530.4 +£83.2 1336.8 £171.1 1353.7 £23.5
7 1099.5 +123.6 1099.4 +£255.4  1147.7 +38.0
8 1121.6 £63.7 11939 +67.1  1050.7 £17.1
Lipid Content 10 1013.9 +415 1092.6 +30.8  961.0 +19.2
11 907.0+39.5 1019.8+114  878.9+459
12 826.9 +33.0 999.3+11.6  9125+1417
14 913.2+81.8  1240.1+20.7  982.0%70.3
15 822.7 +16.3 984.0 +37.2 794.7 £30.1
17 785.7 £28.7 989.5 +3.7 730.0 =435
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Table 1. Cont.
Mean +=SE Mean =SE Mean =SE
Physiological Parameter  Age of Culture (Days) P. delicatissima
DO DD DM
1 96.0 0.5 954 +1.3 95315
2 98.9 +0.3 98.4 +0.4 98.7 0.3
3 99.6 0.2 99.2 0.2 99.1 0.2
Percentage of 4 99.5+0.1 99.0 0.4 99.2 0.0
Active Cells 6 99.4 0.2 98.6 0.1 98.9+0.1
7 99.3+0.1 99.0+0.1 99.0 +0.0
8 98.9+0.1 98.4 0.0 98.5+0.1
9 97.5+0.1 94.9+0.0 86.7 0.5
DO DD DM
1 33.6 +3.0 379+24 35.1+2.3
2 46.5+0.4 51.1+4.6 52.0 +34
3 33.9+0.2 40.9+£1.0 38.8+2.0
L 4 349+138 37.8+45 40.5+0.8
Esterase Activity
6 40.1 +4.4 33.1+0.8 456 54
7 474 £0.2 38217 60.2 +2.0
8 33.4+1.6 389+1.4 73.0 £15.7
9 342+16 454 +£1.0 59.5+9.5
DO DD DM
1 108.5 +20.9 102.7 5.3 105.6 +4.2
2 124.9 +13.6 138.4 +27.3 128.8 +23.9
3 116.3 3.7 151.9+74 135.8 +4.4
.. 4 1249 +4.3 161.8 +4.6 152.0 £15.3
Lipid Content
6 150.3 +11.6 227.6 +10.7 184.2 +9.6
7 95.5+13.2 158.6 +8.3 148.8 +5.5
8 118.9 +17.3 143.7 1.6 171.8 +35
9 207.7 £10.6 199.8 +5.6 2429 +4.7

2.2. Bacterial Growth

Despite the AB treatment, MO cultures still contained bacteria, although initially 4-fold fewer than
in the MM and MD cultures, which had the same bacterial concentration (Figure 3A). Bacteria in the
MO cultures grew faster than those in the MD and MM cultures and reached concentrations equivalent
to those in the MD and MM bacterial cultures on day 12 (Figure 3A). The morphological
characteristics of bacteria from the three cultures were, however, quite different from each other during
the entire growth phase (Figure 4). In the MO culture, two populations of bacteria could be defined
(Figure 4A-C), based on some morphological (cell internal complexity) and cellular (DNA content)
parameters; whereas, only one population of bacteria could be distinguished in the MM cultures
(Figure 4D—F). In the MD cultures, three different populations of bacteria could be discriminated, with
the third population (“Pop. Bact. 3”) having very different morphological (internal complexity) and
cellular (DNA content) (Figure 4G-1) than the other bacterial populations.
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Figure 3. Concentration (bacteria mL™', A,B) and number of free-living bacteria per algal cell (C,D) of free-living bacteria associated with
P. multiseries (A,C) and P. delicatissima (B,D) without added bacteria (MO and DO, open diamonds), with the bacterial community of
P. multiseries (MM and DM, filled squares) or with the bacterial community of P. delicatissima (MD and DD, grey triangles). Mean =SE, n = 3.
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Figure 4. Flow cytometric determinations (in arbitrary units; A.U.) of internal complexity (as measured by Side Scatter “SSC”’) and DNA
content (as estimated by SYBR Green | fluorescence) of bacteria from M0 (A-C; containing 2 populations), from MM (D-F; containing
1 population) and from MD (G—I; containing three populations) and their variations/dynamics during culture (B,C,E,F,H,I). Mean =£SE, n = 3.
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The DO culture of P. delicatissima initially was “quasi axenic,” with almost no bacteria until day 6,
after which bacteria started to grow (Figure 3B). The DD culture had significantly (p < 0.05) fewer
bacteria ((7.3 £0.1) x 10° bacteria mL™) than the DM culture ((12.3 +0.2) % 10° bacteria mL™) on
day 9 (Figure 3B).

The number of free-living bacteria per algal cell remained within the same range (<200) during the
entire culture cycle in the MM and MO cultures (Figure 3C). The number of free-living bacteria per
algal cell in the MD culture (Figure 3C), however, started to increase drastically on day 7, reaching
~700 free-living bacterial per P. multiseries cell at the end of the stationary phase on day 17.

In P. delicatissima DM and DD cultures (Figure 3D), the number of free-living bacteria per algal
cell also remained similar (<150) during the entire culture cycle, except in the DD culture, on day 9
when cells began dying (Figure 2B). This remained very low during the entire culture cycle in the DO
cultures (Figure 3D).

2.3. Domoic Acid

MO cultures exhibited very low levels of DA per mL of culture (<130 pg DA mL™"), indicating little
production of DA (Figure 5A). On the other hand, MD and MM cultures produced DA, with the
concentration of DA increasing with the age of the culture (Figure 5A,B). MO cultures exhibited <0.01 pg
DA cell™ in the whole culture (Figure 5B), regardless of the growth phase; thus, dissolved and
intracellular DA were not measured. MD cultures had significantly more DA per cell than did the MM
cultures (p < 0.05). MD and MM cultures also exhibited a different pattern of production, expressed as
either DA per cell or per mL, which increased drastically after day 7 in the MD cultures (Figure 5A,B).
Cells in the MD cultures did not grow (Figure 1A), but DA per cell increased up to 17-fold more than
that found in the MM cultures (Figure 5B), i.e., from 0.18 to 0.58 pg cell * in the MD cultures from
day 7 to day 15; whereas, the MM cultures decreased from 0.08 to 0.03 pg cell ™. In MD cultures, a
significant relationship was observed between the total DA per cell and the number of free-living
bacteria per algal cell (insert, Figure 5B, with logarithmic regression: Y = 0.2859 log(X) — 1.2366,
R? = 0.7541, p < 0.0001). In MD cultures, almost all the DA was stored within the cells (80%) until
day 11, after which the cells started to release DA into the medium, reaching 50% of the total DA
(Figure 6A). In contrast, almost all the DA contained in the MM cultures was found in the dissolved
fraction (Figure 6B). Cultures of P. delicatissima did not exhibit any measurable dissolved or
intracellular DA, regardless of the treatment and growth phase [20].

2.4. Photosynthetic Parameters

Cell autofluorescence of MD cultures decreased after day 5 (Figure 7A) when cells stopped
growing (Figure 1A). FL3 values of MO and MM cultures were similar and increased during the
exponential phase to reach significantly higher values than for MD cultures after day 8 (Figure 7A).
Cultures M0 and MM had the same values of QY during the experiment (p > 0.05), with a decrease
after day 7 until the end of the experiment (Figure 8A). Cultures of MD had a lower QY than did the
MO and MM cultures until day 12, after which they exhibited an increase in QY values until day 15,
with higher values than the MM and MO cultures (Figure 8A).
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Figure 5. Total domoic acid (DA), as pg mL™ (A) or pg cell™ (B), in P. multiseries
cultures grown without added bacteria (MO, open diamonds), with the bacterial community
of P. multiseries (MM, filled squares) or with the bacterial community of P. delicatissima
(MD, grey triangles). Mean £SE, n = 3. Insert shows the significant relationship between
“whole culture” DA per cell and the number of free-living bacteria per algal cell in the MD
cultures (n =35, p < 0.0001).
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All the P. delicatissima cultures exhibited a similar increase in cell autofluorescence during the
exponential growth phase, except for days 2-4, when DO had a significantly lower autofluorescence
than the DD and DM cultures (Figure 7B). Cell autofluorescence remained stable thereafter.
The QY of P. delicatissima (DO, DD and DM) increased during the early exponential phase, and was
similar regardless of the treatment. During the decrease in QY, DO cultures had a slightly (but significantly,
p < 0.05) lower QY than the DD and DM cultures, with all following the same pattern (Figure 8B).



Mar. Drugs 2014, 12

Figure 6. Total (filled squares), cellular (open diamonds) and dissolved (grey squares)
domoic acid (DA) in P. multiseries cultures grown with (A) P. delicatissima bacteria (MD)

or (B) P. multiseries bacteria (MM). Mean £SE, n = 3.
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Figure 8. Quantum Yield (QY) at the PSII level for P. multiseries (A) and P. delicatissima
(B) over time, grown without added bacteria (DO and MO, open diamonds), with the
bacterial community of P. multiseries (DM and MM, filled squares) or with the bacterial
community of P. delicatissima (MD and DD, grey triangles). Mean =SE, n = 3.

A

Quantum Yield

Quantum Yield

Figure 7. Cont.

400 T
350 +
<
- =
300 A
& A - n
250 + S o © ¢ n
200 1 A
150 1
100 1
< DO
50 - mDD
DM
0 t t t t t t t t t |
0 1 2 3 4 5 6 7 8 9 10

0.50 7
0.45 -
0.40 -
0.35
0.30
025 -
0.20
0.15
0.10
0.05

0.70

0.60

0.50

0.40

Age of the culture (days)

- n
L
. |
HE
&
= =
MO
HvMm
MD
+ t 4
2 4 6 8 10 12 14
Age of culture (days)
]
(%
s = o
. -
N o
[ ]
&
DD
‘ '
1 2 3 4 5 6 7 8

Age of the culture (days)

<n

10

3598



Mar. Drugs 2014, 12 3599

2.5. Esterase Activity and Lipid Content

Esterase activity (hydrolysis of FDA) was significantly lower (p < 0.05) for MO cultures than for
MM cultures, although the same temporal pattern of activity was exhibited by both. On the other hand,
MD cultures had a substantially different pattern of activity, with an increased esterase activity during
the first days of culture (Table 1).

The three P. delicatissima cultures (DO, DD and DM) had the same peak of esterase activity on day 2.
During stationary phase, when DO cultures were dying, they had a significantly higher (p < 0.05) FDA
fluorescence than did the DD and DM cultures, and thus higher esterase activity (Table 1).

BODIPY fluorescence of P. multiseries cells (a proxy for lipid content) followed the same pattern
regardless of the treatment, with a decrease in lipid content during stationary phase (even for the MD
culture that did not grow). The lipid content of the MM cultures was higher than that of the MO and
MD cultures; whereas, that of the M0 and MD cultures was not significantly different (Table 1).

The lipid content of P. delicatissima exhibited a totally different pattern; lipid content increased
during the exponential phase and decreased at the beginning of the stationary phase, finally increasing
during stationary phase, regardless of the treatment (Table 1). The DO cultures had a significantly
(p < 0.05) lower mean lipid content than the DM and DD cultures (Table 1).

3. Discussion

Results of this study indicate that changes in co-occurring bacteria can be detrimental to
Pseudo-nitzschia cultures, and that increased DA production is associated with several physiological
impairments. Both Pseudo-nitzschia species had been growing for at least two years in culture before
these experiments were performed and were thus adapted to “their” bacterial communities. Following
an immediate, but transient effect of AB on P. delicatissima cell physiology a good growth rate of
1.0 day ™', which represents ~2 generations per day, was sustained. A high percentage of dead cells was
observed on day 1, perhaps attributable to cells permeabilized by AB. However, only a portion of the
SYTOX Green-stained cells were really dead at this stage, as indicated by the high percentage of
active cells. Approximately 20% of the cells were dead in untreated cultures of P. multiseries [19],
which may be attributable to the age of the isolate. Nonetheless, both species experienced the same AB
treatment, thus the cultures with and without added bacteria can be compared.

After treating P. multiseries cultures with AB, some bacteria survived and were able to grow during
the experiment. Thus, MO cultures were not axenic, and in MD cultures, bacterial communities
associated with both P. multiseries and P. delicatissima co-existed. Nevertheless, the aim to modulate
DA production by modifying the bacterial community and its concentration was achieved. Indeed, the
addition of the bacterial community associated with P. delicatissima resulted in a 6- to 17-fold higher
DA concentration per P. multiseries cell compared to P. multiseries cells grown with their “own”
bacterial community. Moreover, in MO cultures, DA production was decreased by almost 10-fold
(to <0.02 pg cell™) relative to the control culture MM. Decreased DA production in axenic cultures
has been shown in previous studies [7,21,22]. Nevertheless, our cultures were not axenic, and it
appeared that the removal of all the bacteria was not necessary to limit DA production. Moreover, in
our study, we considered only free-living bacteria without taking into account attached bacteria [23].
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In this study, some of these attached bacteria may have been killed with the AB treatment.
When considering free-living bacteria, not only the bacterial concentration but also the bacterial
composition may play a role in DA regulation. Sison-Mangus et al. [24] demonstrated that different
bacterial communities were associated with higher production of DA. They also suggested that
elevated DA production is a mere stress response to foreign bacteria, similar to any another environmental
stress [24]. In contrast, our study suggests that alien bacteria seem to trigger the production of DA, as
observed by the significant relationship between DA production and the number of free-living bacteria
per algal cell. Although it is not possible to establish whether or not there is a direct or indirect
relationship, the appearance of a new bacterial population with different morphological and cellular
characteristics in MD cultures (“Pop. Bact.3”, Figure 4G—I) is speculated to be responsible for the
induction of DA production. Several authors also hypothesized that only alien bacteria seem to
provoke high production of DA, potentially viewed as a defense mechanism of toxic Pseudo-nitzschia
cells against alien bacteria [7,23]. This could be explained if only some, specific bacteria induce DA
production, and that these may have been killed by the AB treatment. Indeed, Osada and Stewart [22]
hypothesized that only bacteria producing gluconolactone/gluconic acid are able to induce DA
production, and that this could be attributable to the very powerful sequestering ability of
gluconolactone/gluconic acid, which could act as a chelator of metals. Kaczmarska et al. [23] proposed
that a specific bacterial community composition, or its concentration, may be important in explaining
the variable DA levels associated with some P. multiseries cultures. They hypothesized that some
bacteria (especially alien strains) were antagonistic to the algae and induced an increase in DA
production as a specific response to the presence of bacteria. Kaczmarska et al. [23] also discussed the
possible importance of attached bacteria, which may or may not have been killed by the AB treatment
in this study. Nevertheless, our strain of P. delicatissima was confirmed to not produce detectable DA,
regardless of the associated bacterial community. This could indeed imply that the ability to produce
DA is more likely an inherent property of the particular Pseudo-nitzschia species or strain, rather than
an attribute provided by any particular bacterium.

Because DA production was modified in P. multiseries cultures, it was possible to link cell
physiology to DA production. Cells of P. multiseries that did not produce DA were also the cells that
grew faster and reached a higher maximal cell concentration. Cultures of P. multiseries that produced
low amounts of DA exhibited the physiology of healthy cells, even more so than control MM cells,
and exhibited inhibition of photosynthesis. Energy acquired was allocated less to primary metabolism
(esterase activity) and secondary metabolism (DA production), and less was stored in the form of lipid,;
thus energy was almost fully allocated to cell division (growth). On the other hand, P. multiseries cells
with an alien bacterial community produced more DA and did not grow. These cells seemed
unhealthy, with photosynthesis and chlorophyll content greatly decreased and a high percentage of
dead cells. Cells thus acquired less energy that could be allocated to cell division or stored as lipid.
Primary metabolism was enhanced during the first days of growth, as already demonstrated by
Lelong et al. [19], who showed that the beginning of DA production by P. multiseries is associated
with an increase in esterase activity. It may thus be assumed that most of the energy, perhaps coming
mainly from lipid reserves because photosynthesis was low, was allocated to DA production in
P. multiseries cultures containing an alien bacterial community. The difference in physiology between
MM and MD cultures cannot be explained by bacterial concentration (which was identical), but rather
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by the species composition of the bacterial community and the number of free-living bacteria per algal
cell, which increased greatly in MD cultures as DA production increased. This supports the hypothesis
that DA production is linked to some physiological stress induced by the growth of some bacterial
communities (specificity yet unknown), while low or no production of DA is linked to healthy cells.

The same experiment was performed with P. delicatissima to test whether or not a change in
bacterial communities can induce DA production and to confirm any relationship between cell
physiological status and DA production. When bacteria were removed, the P. delicatissima cultures
reached a higher mean cell concentration. In contrast, with an alien bacterial community,
P. delicatissima cultures reached a lower maximal population density, and no stationary phase was
observed, as cells began dying immediately after the exponential phase. Growth rates remained
identical regardless of the associated bacterial community. During the exponential phase, there were
no differences in the percentages of dead and active cells between culture conditions. P. delicatissima,
however, seemed healthier without added bacteria. Furthermore, physiological parameters were not
different between DM and DD cultures, implying that the composition of the bacterial community did
not affect P. delicatissima cell physiology measurably. Different species of bacteria have induced
different effects on algal cells, from enhancement to inhibition of algal growth [10]. Grossart and
Simon [10] found that the addition of a natural bacterial community to axenic Thalassiosira rotula
increased the growth rate, but cells died faster than in control cultures. Our study showed that
P. delicatissima cells did not produce DA and cell physiology was not modified upon addition of alien
bacteria. The P. delicatissima culture used in this latter experiment was likely less stressed, and/or
developed some mechanisms/strategies, other than DA production, to compete with the alien bacteria
or to counteract negative effects of the bacteria during the exponential phase.

It thus appears that under the tested conditions, production of DA did not favor the growth of
P. multiseries while, on the other hand, the non-toxic P. delicatissima cells seemed more “resilient” to
bacterial exchange. One possible explanation is that P. multiseries cells exposed to “alien” bacteria
produced DA, diverting energy from cell division, thus lowering population growth rate. The questions
remain as to: (i) how some bacterial communities act on Pseudo-nitzschia cells to induce DA
production and/or (ii) by which mechanisms do Pseudo-nitzschia cells respond to these bacterial
communities. For instance, the bacterial community associated with P. delicatissima could produce
more gluconolactone/gluconic acid and induce a higher production of DA by P. multiseries [22]. Cells
of P. delicatissima are non-toxic and thus may not be affected by bacterial gluconolactone/gluconic
acid production. Regardless of the reason why cells produced DA, it appears that P. multiseries
cultures that produced increased amounts of DA were associated with lower division rates and a
greater proportion of dead cells. We also observed a negative effect of bacteria from the
P. delicatissima culture on P. multiseries growth. Bacteria associated with P. delicatissima had no
effect on parent culture growth, which could result from co-adaptation in the cultures. This was not the
case with P. multiseries, which had not grown previously in the presence of the bacterial community
from P. delicatissima.

Results from this study showed modifications of algal cell physiology and growth resulting from a
bacterial exchange, as well as changes in DA production by P. multiseries. The P. delicatissima
culture, however, remained non-toxic after receiving bacteria from the toxic P. multiseries culture,
which showed that the bacteria, per se, did not induce toxicity in the non-toxic species. Further work is



Mar. Drugs 2014, 12 3602

needed to better assess the algal physiological responses and identify bacterial species associated with
high DA production; this follow-up was unfortunately impossible here as the strains used in this
experiment subsequently died.

4. Materials and Methods
4.1. Culture Conditions

Two species of Pseudo-nitzschia were used: P. multiseries (Hasle) Hasle (strain CLNN-16, isolated
from the Bay of Fundy, Canada) and P. delicatissima (Cleve) Heiden (strain PdO8RB, isolated from
Brittany, France). Microalgae were cultured in 500-mL flasks containing 250 mL of sterilized f/2
medium [25], at 15.6 <C with an irradiance of 130 pmol photons m > s ' and a dark:light cycle of
12:12 h. Cultures initially were xenic and grown without antibiotics. Before each sampling, cultures
were homogenized gently.

4.2. Removal of Bacteria

Before the experiment, each culture of P. multiseries and P. delicatissima was divided into two
different cultures, one treated with antibiotics (AB) and one untreated. The P. delicatissima culture
was much more resistant to AB than was P. multiseries and therefore was exposed to 2 mg mL™'
of penicillin and 1 mg mL™" of streptomycin (2:1 of P:S) for 2 day. P. multiseries was exposed to
0.2:0.1 mg mL™" of P:S and 0.02 mg mL™" of ampicillin for 4 day (higher concentrations of AB killed
both cells and bacteria). At the end of the treatment with AB, Pseudo-nitzschia cultures were washed
three times by centrifugation (10 min, 16 <C, 800 g) to remove all AB, and the pellet was resuspended
into the same volume of f/2 medium. Even though AB treatment greatly reduced the amount of
bacteria, cultures exposed to AB were not fully axenic and remaining bacteria were counted during
each experiment (see Section 4.4).

4.3. Experiments

Experiments started two days after the end of the AB treatment when cells were in the exponential
growth phase. For each species, cells were cultured under three conditions, each in triplicate: (i) the
AB-treated culture (low bacteria); (ii) the AB-treated culture + bacteria of P. multiseries; and (iii) the
AB-treated culture + bacteria of P. delicatissima (Table 2). For both algae, the control treatment was
considered to be the AB-treated culture to which previously associated bacteria were added.
Free-living bacteria were obtained after centrifuging (10 min, 16 <C, 800 g) the untreated cultures and
sampling the supernatant. Bacteria in these supernatants were counted using a flow cytometer, and it was
verified that no microalgal cells remained. The P. multiseries experimental flasks were inoculated with
4000 cells mL™" of AB-treated P. multiseries (i) alone (low bacteria, MO0); (ii) with ~200,000 bacteria mL ™'
from the untreated P. multiseries culture (MM, P. multiseries control); or (iii) with ~200,000 bacteria mL ™
from the untreated P. delicatissima culture (MD). The P. delicatissima experimental flasks were inoculated
with 2500 cells mL™" of AB-treated P. delicatissima (i) alone (DO); (ii) with ~100,000 bacteria mL™" from
the untreated P. delicatissima culture (DD, P. delicatissima control); or (iii) with ~100,000 bacteria mL ™"
from the untreated P. multiseries culture (DM). The bacterial concentration was chosen to remain
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consistent with the bacteria/Pseudo-nitzschia ratio of the untreated cultures of each species. Samples
were taken almost daily for cell counts and physiological measurements.

Table 2. Experimental design.

Algal Species Treated

. S P. multiseries P. delicatissima
with Antibiotics MY “p-»
Bacteria Added
No bacterial addition “-0” MO DO
Bacteria from P. multiseries “-M” MM (P. multiseries control) DM
Bacteria from P. delicatissima “-D” MD DD (P. delicatissima control)

4.4. Physiological Measurements

Cell counts and physiological measurements of Pseudo-nitzschia spp., quantification of free-living
bacteria associated with each Pseudo-nitzschia species, and percentage of dead bacteria in the culture
were assessed using flow cytometry according to Lelong et al. [17]. The physiological measurements
were performed with a FACScalibur (BD Biosciences, San Jose, CA, USA) flow cytometer equipped
with an argon blue laser (488 nm). To allow comparison between days, the same settings were used for
the duration of the experiment. Pseudo-nitzschia cells were detected by their FL3 fluorescence. All
samples were analyzed for 45 s and cell concentrations were calculated from the flow rate of the flow
cytometer, measured daily [26]. Specific growth rate p (day™') was determined by linear regression of
the natural log (cell concentration) versus time.

Algal concentration, morphology (Forward Scatter “FSC” as a proxy of size and Side Scatter
“SSC” as a proxy for internal complexity), as well as red fluorescence “FL3” (proxy for chlorophyll
fluorescence) of algal cells, were measured without any staining. The percentage of dead algal cells
was assessed after staining the cultures for 30 min with 0.1 uM of SYTOX Green (Molecular Probes,
Invitrogen, Eugene, OR, USA). The intracellular lipid content of algal cells was assessed by staining
lipids with 10 uM of BODIPY 493/503 (Molecular Probes, Invitrogen, Eugene, OR, USA) for 30 min.
The activity of the primary metabolism of algal cells was assessed after staining with 3 uM of
fluorescein diacetate (FDA, Molecular Probes, Invitrogen, Eugene, OR, USA) for 6 min. A 300-uM
working solution of FDA was prepared fresh before each experiment. SYTOX Green stains permeable
cells (considered to be dead) and FDA stains only cells with active esterases (considered to be
metabolically active, [16,19,27]). AB treatment can compromise cell membranes without killing them;
this is why the percentages of active and dead cells were monitored in parallel.

The quantum yield (QY = (Fm — Fo)/Fr) of P. multiseries and P. delicatissima was measured using
an AguaPen-C AP-C 100 fluorometer (Photo Systems Instruments, Drasov, Czech Republic). QY is a
measure of the efficiency of the photosynthesis at the photosystem Il (PSII) level. Fo and Fp, are,
respectively, the minimum and maximum fluorescence of cells at 455 nm [28]. The measurement of QY
was performed after the cells were dark-adapted for 20 min at 16 <C. FL3 fluorescence (red
autofluorescence) of cells, measured by flow cytometry, was used as a proxy for chlorophyll content as
it is linearly related to chlorophyll content [29].

Free-living bacterial concentration and percentage of dead bacteria were obtained after staining
for 15 min staining with a final concentration of 1/10,000 of the commercial solution of SYBR Green |
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(Molecular Probes, Invitrogen, Eugene, OR, USA) and with 10 pg-mL™" of propidium iodide (PI)
(Sigma, St. Louis, MO, USA). SYBR Green | stains the DNA of all cells; whereas, Pl stains only
DNA of “dead” cells, which have lost membrane integrity.

DA content was quantified using an ASP ELISA kit (Biosense Laboratories, Bergen, Norway),
following the manufacturer’s protocol. Each sample was analyzed with technical duplicates.
Cultures were sonicated for 2 min to quantify total DA (cellular + dissolved). Cultures also were
filtered (0.22-um pore-size acetate cellulose filters, Minisart, Sartorius, G@tingen, Germany) to
measure dissolved DA. Intracellular DA was obtained by subtracting dissolved DA from total DA.

4.5. Statistics

Results were analyzed statistically with multifactor ANOVA, with time and bacterial treatment as
independent variables, to test the effect of the treatment (bacteria or not) over time. One-way ANOVA
was used to determine after which day the treatments started to have a significant effect on the
variable. The test of rank used was the least significant difference (LSD) test. For all statistical results,
a probability of p < 0.05 was considered significant. Statistical analyses were performed using
StatGraphics Plus (Manugistics, Inc, Rockville, MD, USA).

5. Conclusions

This study showed modifications of algal growth and physiology resulting from a bacterial
exchange, as well as changes in DA production by P. multiseries. Results also demonstrated that the
bacteria, per se, did not induce toxicity in the non-toxic species, as the P. delicatissima culture,
remained non-toxic even after receiving bacteria from the toxic P. multiseries culture. Further research
is needed to better identify bacterial species and algal physiological responses associated with high
DA production.

Acknowledgments

This work was supported by the following grants: French Ministry of Research (MENRT) grant to
Aurdie Lelong, grant from the Region Bretagne (SAD Volet 1: PSEUDOPE) to H8éne Hegaret and
a CNRS EC2CO Microbien grant to Philippe Soudant and the Agence Nationale de la Recherche
(ANR; Iron, Copper and Oceanic Phytoplankton, ICOP, ANR-10-JCJC-606) to Eva Bucciarelli.
The CLNN-16 strain of P. multiseries was kindly provided by Nancy Lewis. The authors thank
Gary H. Wikfors for participating in preliminary experiments associated with this study and
Gary H. Wikfors and Stephen S. Bates for manuscript improvements and English corrections.

Author Contributions

Auréie Lelong participated in the design of the experiment, performed the experiment and wrote
the manuscript. H&ene Héyaret and Philippe Soudant participated in the design of the experiment and
in the redaction of the manuscript.



Mar. Drugs 2014, 12 3605

Conflicts of Interest

The authors declare no conflict of interest.

References

1.

10.

11.

12.

Bates, S.S.; Bird, C.J.; de Freitas, A.S.W.; Foxall, R.; Gilgan, M.; Hanic, L.A.; Johnson, G.R.;
McCulloch, A.W.; Odense, P.; Pocklington, R.; et al. Pennate diatom Nitzschia pungens as the
primary source of domoic acid, a toxin in shellfish from eastern Prince Edward Island, Canada.
Can. J. Fish. Aquat. Sci. 1989, 46, 1203-1215.

Lelong, A.; Hégaret, H.; Soudant, P.; Bates, S.S. Pseudo-nitzschia (Bacillariophyceae) species,
domoic acid and amnesic shellfish poisoning: Revisiting previous paradigms. Phycologia 2012,
51, 168-216.

Pan, Y.L.; Parsons, M.L.; Busman, M.; Moeller, P.D.R.; Dortch, Q.; Powell, C.L.; Doucette, G.J.
Pseudo-nitzschia sp. cf. pseudodelicatissima—A confirmed producer of domoic acid from the
northern Gulf of Mexico. Mar. Ecol. Prog. Ser. 2001, 220, 83-92.

Thessen, A.E.; Bowers, H.A.; Stoecker, D.K. Intra- and interspecies differences in growth and toxicity
of Pseudo-nitzschia while using different nitrogen sources. Harmful Algae 2009, 8, 792-810.

Wells, M.L.; Trick, C.G.; Cochlan, W.P.; Hughes, M.P.; Trainer, V.L. Domoic acid: The synergy
of iron, copper, and the toxicity of diatoms. Limnol. Oceanogr. 2005, 50, 1908-1917.

Fehling, J.; Davidson, K.; Bates, S.S. Growth dynamics of non-toxic Pseudo-nitzschia
delicatissima and toxic P. seriata (Bacillariophyceae) under simulated spring and summer
photoperiods. Harmful Algae 2005, 4, 763—-769.

Bates, S.S.; Douglas, D.J.; Doucette, G.J.; Lé&ger, C. Enhancement of domoic acid production by
reintroducing bacteria to axenic cultures of the diatom Pseudo-nitzschia multiseries. Nat. Toxins
1995, 3, 428-435.

Rhodes, L.; Holland, P.A.J.; Selwood, A.; McNabb, P. Mass culture of Pseudo-nitzschia australis
for production of a new isomer of domoic acid. In Harmful Algae 2002, Florida Fish and
Wildlife Conservation Commission, Florida Institute of Oceanography, and Intergovernmental
Oceanographic Commission of UNESCO; Steidinger, K.A., Landsberg, J.H., Tomas, C.R.,
Vargo, G.A., Eds.; UNESCO: Paris, France, 2004; pp. 125-127.

Bates, S.S.; Wormes, J.J.; Smith, J.C. Effects of ammonium and nitrate on growth and domoic acid
production by Nitzschia pungens in batch culture. Can. J. Fish. Aquat. Sci. 1993, 50, 1248-1254.
Grossart, H.P.; Simon, M. Interactions of planktonic algae and bacteria: Effects on algal growth
and organic matter dynamics. Aquat. Microb. Ecol. 2007, 47, 163-176.

Bruckner, C.; Rehm, C.; Grossart, H.P.; Kroth, P.G. Growth and release of extracellular organic
compounds by benthic diatoms depend on interactions with bacteria. Environ. Microb. 2011, 13,
1052-1063.

Gaerdes, A.; Iversen, M.H.; Grossart, H.P.; Ullrich, M.S. Diatom-associated bacteria are required
for aggregation of Thalassiosira weissflogii. ISME J. 2011, 5, 436-445.



Mar. Drugs 2014, 12 3606

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

Kobayashi, K.; Takata, Y.; Kodama, M. Direct contact between Pseudo-nitzschia multiseries and
bacteria is necessary for the diatom to produce a high level of domoic acid. Fish. Sci. 2009, 75,
T71-776.

Stewart, J.E. Bacterial involvement in determining domoic acid levels in Pseudo-nitzschia
multiseries cultures. Aquat. Microb. Ecol. 2008, 50, 135-144.

Stewart, J.E.; Marks, L.J.; Wood, C.R.; Risser, S.M.; Gray, S. Symbiotic relations between bacteria
and the domoic acid producing diatom Pseudo-nitzschia multiseries and the capacity of these
bacteria for gluconic acid/gluconolactone formation. Aquat. Microb. Ecol. 1997, 12, 211-221.
Jochem, F.J. Probing the physiological state of phytoplankton at the single-cell level. Sci. Mar.
2000, 64, 183-195.

Lelong, A.; Jolley, D.; Hé&yaret, H.; Soudant, P. The effects of copper toxicity on
Pseudo-nitzschia spp. physiology and domoic acid production. Aquat. Toxicol. 2012, 118-119,
37-47.

Lelong, A.; Bucciarelli, E.; Hé&aret, H.; Soudant, P. Iron and copper limitations differently affect
growth rates, photosynthetic and physiological parameters of the marine diatom Pseudo-nitzschia
delicatissima. Limnol. Oceanogr. 2013, 58, 613-623.

Lelong, A.; Hé&aret, H.; Soudant, P. Cell-based measurements to assess physiological status of
Pseudo-nitzschia multiseries, a toxic diatom. Res. Microbiol. 2011, 162, 969-981.

Lelong, A. Laboratoire des sciences de 1’environnement marin (LEMAR), UMR6539, Institut
Universitaire Europeen de la Mer (IUEM), Plouzané& France. Unpublished work, 2011.

Douglas, D.J.; Bates, S.S.; Bourque, L.A.; Selvin, R.C. Domoic acid production by axenic and
non-axenic cultures of the pennate diatom Nitzschia pungens f. multiseries. In Toxic
Phytoplankton Blooms in the Sea; Smayda, T.J., Shimizu, Y., Eds.; Elsevier Science: Amsterdam,
The Netherlands, 1993; pp. 595-600.

Osada, M.; Stewart, J.E. Gluconic acid/gluconolactone: Physiological influences on domoic acid
production by bacteria associated with Pseudo-nitzschia multiseries. Aquat. Microb. Ecol. 1997,
12, 203-2009.

Kaczmarska, I.; Ehrman, J.M.; Bates, S.S.; Green, D.H.; Léger, C.; Harris, J. Diversity and
distribution of epibiotic bacteria on Pseudo-nitzschia multiseries (Bacillariophyceae) in culture,
and comparison with those on diatoms in native seawater. Harmful Algae 2005, 4, 725-741.
Sison-Mangus, M.P.; Jiang, S.; Tran, K.N.; Kudela, R.M. Host-specific adaptation governs the
interaction of the marine diatom, Pseudo-nitzschia and their microbiota. ISME J. 2014, 8, 63-76.
Guillard, R.R.L.; Hargraves, P.E. Stichochrysis immobilis is a diatom, not a chrysophyte.
Phycologia 1993, 32, 234-236.

Marie, D.; Partensky, F.; Vaulot, D.; Brussaard, C. Enumeration of phytoplankton, bacteria, and
viruses in marine samples. Curr. Protoc. Cytom. 2001, 10, doi:10.1002/0471142956.cy1111s10.
Jochem, F.J. Dark survival strategies in marine phytoplankton assessed by cytometric
measurement of metabolic activity with fluorescein diacetate. Mar. Biol. 1999, 135, 721-728.
Genty, B.; Briantais, J.; Baker, N.R. The relationship between the quantum yield of photosynthetic
electron transport and of quenching chlorophyll fluorescence. Biochim. Biophys. Acta 1989, 990,
87-92.



Mar. Drugs 2014, 12 3607

29. Galbraith, D.W.; Harkins, K.R.; Jefferson, R.A. Flow cytometric characterization of the
chlorophyll contents and size distributions of plant protoplasts. Cytometry 1988, 9, 75-83.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



